We investigated the effects of a single course of antenatal betamethasone on cognition-and anxiety-related behavior and synaptophysin and microtubule-associated protein 2 (MAP2) immunoreactivity in the adult rat hippocampus. On d 20 of gestation, pregnant rats were injected with either 1) 170 g/kg body weight of betamethasone ("clinically equivalent dose," equivalent to 12 mg twice, 24 h apart); 2) half this dose; or 3) vehicle. Cognition-and anxiety-related behavior of the offspring was analyzed at an age of 5 mo using the Morris water maze, object recognition task, and open field test. Subsequently, synaptophysin and MAP2 immunoreactivity were measured in the hippocampus. We report no detrimental effects of antenatal betamethasone on cognition-and anxiety-related behavior and synaptophysin immunoreactivity in the adult rat. On the other hand, MAP2 immunoreactivity was decreased by betamethasone in males, suggesting a permanent impairment in the hippocampus. Interestingly, the lower dose appears to have less influence in terms of growth restriction, known to be associated with an increased risk of disease in adulthood. Further research might elucidate whether the betamethasone effect on hippocampal neurons persists later in life and could affect the aging process increasing the risk for neuropathology of the adult. A ntenatal glucocorticoids are widely used to prevent respiratory distress syndrome in case of threat of preterm delivery (1). Although beneficial for lung maturation, this treatment causes a wide range of side effects in humans, including a reduction in weight and head circumference at birth (2), and in impairment in both circulating glucocorticoid bioactivity (3) and cortisol response to stressors (4). Animal studies showed that antenatal glucocorticoids affect the hypothalamic-pituitary-adrenal (HPA) axis (5), an impairment of which has been linked to the development of anxiety and mood disorders (6). Further, this treatment has been reported to reduce DNA content (7), cell proliferation rate (8), synaptic density (9), and neurotrophic factor concentrations within the neonatal brain (10) and induces neural degeneration within the developing hippocampus (11). However, little is known about the consequences for later life, in particular, the effects on cognition-and anxiety-related behavior are unclear (5,12).
A ntenatal glucocorticoids are widely used to prevent respiratory distress syndrome in case of threat of preterm delivery (1) . Although beneficial for lung maturation, this treatment causes a wide range of side effects in humans, including a reduction in weight and head circumference at birth (2) , and in impairment in both circulating glucocorticoid bioactivity (3) and cortisol response to stressors (4) . Animal studies showed that antenatal glucocorticoids affect the hypothalamic-pituitary-adrenal (HPA) axis (5) , an impairment of which has been linked to the development of anxiety and mood disorders (6) . Further, this treatment has been reported to reduce DNA content (7) , cell proliferation rate (8) , synaptic density (9) , and neurotrophic factor concentrations within the neonatal brain (10) and induces neural degeneration within the developing hippocampus (11) . However, little is known about the consequences for later life, in particular, the effects on cognition-and anxiety-related behavior are unclear (5, 12) .
The presynaptic marker protein synaptophysin is a calciumbinding protein that plays an important role in the generation and maintenance of small vesicle membranes and their interaction with cytoskeletal elements. Decrease in the synaptophysin IR is associated with brain injury and aging, possibly reflecting functional disturbances of synaptic transmission (13) . The neuronal MAP2 determines stability and arrangement of neuronal microtubules. Loss of MAP2 IR after brain injury correlates with neuronal degeneration (14) and is associated with age-related impairment of synaptic plasticity, cognition, and memory functions. Interestingly, both synaptophysin IR and MAP2 IR have been reported to be decreased in the hippocampus shortly after betamethasone injection (9, 15, 16) , whereas the long-term consequences on these parameters are not known. As the hippocampus is involved in learning and memory processes, we aimed to evaluate the effects of a single course of antenatal betamethasone as used in clinical practice on 1) cognition-and anxiety-related behavior and 2) synaptophysin IR and MAP2 IR in the adult rat hippocampus.
METHODS

Animals.
The animal study was approved by the Animal Ethics Board of the University of Maastricht, The Netherlands.
Pregnant Fisher 344 dams (Charles River, Maastricht, The Netherlands; pregnancy confirmed by vaginal plug) were delivered to our animal facility on d 14 of gestation (embryonic d 14, E14). The animals were kept under standard laboratory conditions with 12 h light/12 h dark and standard rat chow and water ad libitum.
Dams were injected subcutaneously twice 8 h apart with either 170 or 85 g kg -1 betamethasone, representing a clinically equivalent dose (CD, corresponding to a single course of 12 mg betamethasone twice, 24 h apart in the woman) and half of this dose (HD), respectively, as described in a previous study (10) . Betamethasone injection occurred at E20 when brain development in the rat is comparable to very preterm human infants (17) .
All the dams delivered on E22, corresponding to postnatal d 0 (P0). Pups were labeled with paw cut and cross-fostered to dams that had given birth on the same day and had received vehicle-only treatment (to prevent a possible betamethasone effect on maternal behavior). All the litters were culled at four males and four females per dam, and the cages cleaned once a week. At P21, the pups were weaned and housed together (two rats of the same gender and experimental group per cage) up to 5 mo of age.
Behavioral tests. At an age of 5 mo, rat performance was assessed in the MWM (spatial memory), ORT (object memory), and OF (anxiety).
Morris water maze. This test was conducted in a tank (diameter, 1.53 m) in which an escape platform (diameter, 11 cm) was submerged (1.5 cm) below the surface of the water. The rats started facing the wall of the tank from one of out four different, randomly chosen, starting positions, and were trained to find the invisible platform at a fixed invisible position in the water tank. Abundant spatial cues were provided by the furniture in the room and the presence of the experimenter. A videocamera installed above the pool and attached to a PC that registered automatically (EthoVision Color Pro, Noldus, Wagenengen, The Netherlands) the movements of a rat. A trial lasted until a rat had found the platform or until 60 s had elapsed. If a rat did not find the platform within 60 s, it was placed on the platform for 3 s and then removed from the water tank. The rats were given two trials a day for 4 d and the time between subsequent trials was 10 min. Escape latency was averaged per rat per session of two trials. A probe trial lasting 60 s, during which the platform was removed from the water tank, was given after the last trial to reveal whether the animals had learned the position of the platform. In the probe trial, all rats started facing the wall of the tank from the position opposite to the position of the removed platform.
Objects recognition task. The rats were placed in the arena (diameter, 83 cm; height, 40 cm) facing the transparent segment of the wall, made of polyvinyl chloride. A testing session comprised two trials of 3 min each. During the first trial (T1), the apparatus contained two identical objects. After the first exploration period, the rat was put back in its home cage for 1 h and then was put back in the arena for the second trial (T2), but now with two dissimilar objects, a familiar one (the sample) and a new one. The duration of exploring each object in T1 and T2 was recorded manually with a personal computer. Exploration was defined as follows: directing the nose to the object at a distance of no more than 2 cm and/or touching the object with the nose. Sitting on the object was not considered as exploratory behavior. To avoid the presence of olfactory trails, the objects were always thoroughly cleaned. Moreover, each object was available in triplicate so that none of the two objects from the first trial had to be used as the familiar object in the second trial. In addition, all combinations and locations of objects were used in a balanced manner to reduce potential biases due to preferences for particular locations or objects. The light intensity (20 lx) was equal in the different parts of the apparatus. We used four different sets of objects that could not be displaced by a rat. Testing sessions were given on three consecutive days. The basic measures were the total exploration time of both objects during T1 and T2, E1 and E2, respectively. A discrimination index, D2, was calculated as following: D2 ϭ (exploration new object -exploration familiar object)/total exploration time. In addition, each experimental group was compared with the level expected by chance, i.e., equal amount of time spent on the new and the old object (D2 ϭ 0). In the last day of test trial, a longer interval (4 h) between T1 and T2 was used to discriminate cognition differences between experimental groups.
Open field. This test was conducted in a square, clear Plexiglas box (100 ϫ 100 ϫ 30 cm) with an open top and a dark floor, in a dimly illuminated room. The arena was subdivided into a central zone (64 ϫ 64 cm), corners (16 ϫ 16 cm) and walls (16 ϫ 64 cm). As a rat was placed in the centre of the OF, the position of the animals were registered automatically via a PC (EthoVision Color Pro, Noldus) through a videocamera installed 250 cm above the field for 5 min. Testing was carried out for 4 d, consisting of a single 5-min session per day.
MAP2 IR and Synaptophysin IR. At an age of 6 mo, rats were anesthetized by a sodium pentobarbital injection (60 mg/kg i.p.). Subsequently, the brains of the rat were fixated by means of a transcardial perfusion with a flush of tyrode solution (pH 7.4, 4°C) followed by a Somogyi fixation. After dissection of the brain, it was postfixed in the same fixating for 2 h. Thereafter, the brain segments were cryoprotected in 20% sucrose in Trisbuffered saline (TBS, pH 7.4) for 48 h and then were frozen by means of CO 2 and stored at -75°C for further analysis. Sections of 30 m were cut with the cryostat at levels of the hippocampus (between 1.60 mm and -5.80 mm from bregma) for synaptophysin and MAP2 staining. The serial brain slices of 30 m were stained with MAb against synaptophysin (mouse anti-synaptophysin, 1:2000, Chemicon International, Temecula, CA) and MAP2 [monoclonal anti-MAP2 (2a ϩ 2b), Clone AP -20, 1:1000; Sigma Chemical Co., St. Louis, MO] by means of the ABC technique. Before all antibody incubations, washing steps were carried out using subsequently TBS-T (10 min), TBS (10 min), and TBS-T (10 min). Next, the tissue slides were incubated with 5% normal donkey serum (NDS), to minimize the background reactivity. After administration of the primary antibody as mentioned above, the brain slices were kept overnight at 4°C. Before the secondary biotinylated antibodies were added for a 1-h incubation, the slices were repeatedly washed with TBS-T and TBS. Subsequently, the brain slices were incubated with a preformed avidinhorseradish peroxidase complex for 1 h. Immunostaining was developed by adding DAB solution to the tissue slides, which resulted in a brown precipitate. To optimize the color development, the brain slices were washed with Tris-HCl before the administration of the DAB solution. The staining procedure was finished by washing the slices three times with TBS (10 min) and placing the brain slices on glass slides, which were allowed to dry for 24 h. Thereafter, the slides were dehydrated in a 70% ethanol line followed by enclosure with Pertex.
Quantification of the tissue staining was performed morphometrically by the same investigator who was blinded to the experimental protocol. IR of synaptophysin and MAP2 were estimated within different layers of the hippocampus. The synaptophysin staining was examined in the hippocampal subfields CA1 and CA3 of the stratum radiatum and the dentate gyrus (DG), whereas MAP2 IR was examined in the stratum radiatum (R) and the stratum moleculare (M). For MAP2 IR, slices between -3.14 and -5.80 mm from the bregma were examined and averaged.
For each animal and histochemical staining, multiple areas were measured and the results were averaged. Namely, for the synaptophysin staining, three areas were measured in the CA1 subfield, whereas for the CA3 and the DG two were measured. On the other hand, the MAP2 IR measurements were made in one area, both for the stratum radiatum and the stratum moleculare. The number of animals in each treatment group ranged from six to eight for both the synaptophysin and the MAP2 staining. An Olympus Ax70 microscope equipped with a cooled CCD Olympus Digital video camera F-view was used to detect IR by an image analysis system, slightly modified for detection of grayscale punctae (AnalySIS, Soft Imaging System, Münster, Germany). All measurements were performed on a single focal plane. Shading error correction was performed before measurements to correct for irregularities in illumination of the microscopic fields. Background levels were equalized and the detection threshold was tested and kept at the same level for all samples.
Statistics. A one-way analysis of variance (ANOVA) was used for somatic measures.
For the acquisition of the MWM, treatment effects were evaluated with a two-factorial (treatment and session) ANOVA with repeated measures over session. For the probe trial, preferences for quadrants were evaluated per group by analyzing with t-statistics whether the time spent in a training quadrant, where the platform was located during training, differed from the chance level (15 s) .
The data of the testing sessions of the ORT and OF were aggregated per treatment condition to enhance the reliability of the data. A one-factorial ANOVA was used to analyze the effects between groups.
For MAP2 IR and synaptophysin IR, treatment effects were analyzed with a one-way ANOVA (p Ͻ 0.05).
All statistics were carried out using SPSS software version 12.0.1 (SPSS Inc., Chicago, IL). Data are presented as means Ϯ SEM.
RESULTS
Somatic Growth. Betamethasone reduced both body weight, head diameter and crown-tail length at birth (p Ͻ 0.001). This difference in size was not observed anymore at 3 wk of age. Female pups were always more affected than males on all parameters (p Ͻ 0.001). Post hoc analyses per gender are shown in Figure 1 .
Morris water maze. Figure 2A depicts the time to find the platform during the acquisition. There was no betamethasone effect except on d 2 (p ϭ 0.044). All experimental groups showed a reduced escape latency over the different days (time effect; p Ͻ 0.001). In the probe trial, no significant differences were found between groups (Fig. 2B) . A training quadrant 51 ANTENATAL STEROIDS AND BRAIN FUNCTION preference was shown in all the males, whereas in the females only for HD (p Ͻ 0.05).
Object recognition task. There were no significant differences in E1, E2, and D2 between experimental groups (Fig. 3) . However, by comparing each group with the level expected by chance, only CD resulted in higher D2 in the 4-h interval (p Ͻ 0.05, males and females combined), whereas there was no treatment effect with the 1-h interval.
Open field. The amount of time spent in the different zones of the OF did not differ between groups (data not shown).
Synaptophysin IR and MAP2 IR. Immunohistochemical distribution of synaptophysin IR revealed an extensive and dense granular pattern in the hippocampus, with big clusters of synaptic vesicles in CA3 region. Antenatal betamethasone caused no significant synaptophysin IR changes in the three regions examined (data not shown). Males showed higher values than females in both CA3 and DG (p Ͻ 0.001).
Exposure to antenatal betamethasone resulted in a tendency toward a significant decrease of MAP2 IR in both the stratum moleculare (p ϭ 0.097) and the stratum radiatum (p ϭ 0.099) in males (Fig. 4) . By comparing treated (CD and HD) versus untreated animals, the loss of MAP2 IR by betamethasone was significant in the stratum moleculare (-18.1%, p ϭ 0.031) and borderline significant in the radiatum (-15.4%, p ϭ 0.057). Females were not affected by betamethasone treatment. No differences were observed in hippocampus volume.
DISCUSSION
The present study shows that a single course of antenatal betamethasone impaired fetal growth and MAP2 R in adult male rats. No significant effect on cognition-and anxietyrelated behavior and synaptophysin IR was observed.
Both body weight, head diameter, and crown-tail length were reduced at birth by a single course of betamethasone equivalent to 12 mg twice 24 h apart (CD) but not by half of this dose (HD). Corticosteroids have been shown to affect fetal growth, probably reducing the circulating levels of GH and therefore IGF-I, which are known to stimulate growth (18) . In addition, the transplacental transfer of maternal stress hormones, i.e., corticotrophin-releasing factor (CRF) and corticosterone, may affect fetal growth. Moreover, a single course of antenatal betamethasone reduces brain weight in the adult sheep (19) and head diameter in human neonates (2), a finding that has been associated with learning problems in school-age children (20) . It is well known that reduced birth size is associated with an increased risk of disease in adulthood (21) . Interestingly, this relationship has been suggested to reflect the sensitivity of fetal growth to adverse antenatal events without implying a causal role of being born small, i.e., birth weight may represent a rough integrated measure of intrauterine processes (22) . Even the temporary effect on somatic growth reported in this study might therefore have a significant impact on health, as discussed before in more detail (22, 23) . Of note, in the present study, HD appears to have less influence in terms of growth restriction and the implications mentioned above when compared with CD, and a clear dose dependency in the effect of antenatal betamethasone on fetal growth was previously described by our group using the same animal model and dose regimen (23) .
To our knowledge, this is the first report of long-term effects of antenatal betamethasone on MAP2 IR and synaptophysin IR, shown immunohistochemically in the rat hippocampus at 6 mo of age, which is comparable to an adult human being.
A glucocorticoid effect on MAP2 IR-an acute effect of which has been previously described in the fetal sheep (15)-seems to be permanent, suggesting that antenatal betamethasone induces structural alterations in the hippocampus. In rodents, it has been shown that loss of MAP2 IR is associated with neuronal degeneration, which might affect cognition (14) . Of note, Di Stefano and colleagues (24) have shown a decrease of MAP2 IR during aging in the rat hippocampus. Thus, loss of MAP2 IR in the hippocampus may be associated with age-related impairment of learning and memory.
Glucocorticoids contribute to brain aging by prolonged exposure to excess glucocorticoid, possibly as a result of decreased glucocorticoid receptors and also altered regulation of neuronal turnover in the DG (25) . Cumulative hippocampal changes by corticosteroids lead to abnormal neuroendocrine functioning, cognitive impairment, and increased vulnerability to serious life events in people with mood disorders (26) . An increase in synaptophysin IR described with aging suggests a role for synaptophysin in the maintenance of the structural components in the hippocampus (27) . The decrease in MAP2 IR was not associated with impairment in learning and memory. However, we cannot exclude that a MAP2 IR decline might result in a cognitive deficit in later life due to aging.
Interestingly, the decrease in MAP2 IR was present in males only. Hippocampal corticosteroid receptor levels are known to be affected in the neonate rat after maternal deprivation (28) . Recent evidences suggest that the effects of maternal stress and exogenous glucocorticoids are super imposable (29) . Gender-specific stress responses vary depending on developmental age at the time of stress exposure, i.e., male stress responses appear fixed across the lifespan whereas females show a more variable pattern (30) . Moreover, recent evidence shows that antenatal glucocorticoids induce genderspecific alterations regarding both cognition and hippocampal cholinergic function in adult rats (31) . Steroids affect mineralocorticoid receptor (MR; type I) protein expression within the hippocampus more in males than in females, whereas betamethasone has no effect on glucocorticoid receptor (GR; type II) protein expression (32) . This gender differences in the pattern of MR and GR expression during development may result in different periods of vulnerability to glucocorticoid exposure in fetal life. In the present study female rats might be spared at the age of 6 mo by the neuroprotective role exerted by estrogen (33) . However, a decline in MAP2 IR might occur when estrogens decrease with aging. This awaits further research.
No differences were observed in synaptophysin IR. Fetal in vivo studies concerning the effect of antenatal betamethasone treatment on synaptophysin showed a reduction in IR after administration of betamethasone (9) . However, in those investigations, the animals were analyzed immediately after glu- cocorticoid exposure. Taken together, antenatal betamethasone appears to induce an acute synaptophysin IR decrease (9), which does not seem to last, as seen in the present work.
Further, betamethasone treatment did not show any negative effects on adult cognition. Interestingly, discrimination in the ORT was increased by CD, whereas HD somewhat improved spatial learning in the MWM, but only in males. In line with this, antenatal betamethasone has been shown to enhance selective memory in the juvenile mouse, continuing into adulthood in males (34) , and improves school behavior in 6 y old girls (35) . On the other hand, perinatal steroid administration in the rat has been associated with impaired spatial memory in a dose-dependent manner, though in this study dexamethasone was injected at P4 (36) .
In the present study, anxiety-related behavior was not affected by betamethasone in the OF. The same finding was found in the mouse (12) , whereas postnatal glucocorticoids resulted in a more anxious behavior in the adult rat (37) . This might be due to the permanent changes induced by perinatal glucocorticoid exposure on the anterior pituitary gland (5) . In addition, betamethasone effects on anxiety might have been masked by the previous intensive behavioral analysis, i.e., MWM and ORT, with the same strain of rats, as been recently suggested (38) .
In summary, we report no detrimental effects of a single course of antenatal betamethasone on cognition-and anxietyrelated behavior and synaptophysin IR in the adult rat. On the other hand, MAP2 IR was decreased in males, suggesting that hippocampus-related cognition may be affected in this gender eventually. Further research might elucidate whether this effect increases with aging and whether both genders are affected in the long run. Finally, HD appears to have less influence in terms of growth restriction when compared with CD, supporting the idea that reducing the dose of antenatal betamethasone might be less harmful (21, 22) , once clinical trials show its effectiveness for inducing lung maturation.
